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1CHAPTER 1. General Introduction and Literature Review 
Thesis Organization 
This thesis is organized into three chapters. Chapter One contains a general 
introduction, a review of the literature on conjugated linoleic acid, an overview of insect fatty 
acid biochemistry and reproduction, the objectives of the research, and references. Chapter 
Two contains a manuscript for publication including an abstract, introduction, materials and 
methods, results, discussion, and references. Chapter Three contains the general conclusions 
of this research and describes the significance of the results.  
Introduction 
Natural products recently have become a new focus in pesticide research. Non-target 
pest toxicity, environmental persistence, and mammalian neurotoxicity of the traditional 
pesticides have initiated a push for more environmentally friendly, biorational pest control 
products. Conjugated linoleic acid (CLA) is a natural product that has demonstrated a variety 
of biological effects and was chosen for evaluation of pesticidal activity. 
 CLA refers to a group of positional and geometric isomers of octadecadienoic acid 
(C18:2). Double bonds may be at positions 8 and 10, 9 and 11, 10 and 12, or 11 and 13, with 
geometric configurations of cis-cis, trans-cis, cis-trans, or trans-trans (Aydin et al. 2005). 
There may very well be other isomers that have not been detected or reported in the literature 
yet. The predominant and biologically relevant forms are the c9, t11 and t10, c12 isomers. 
CLA is produced naturally in the rumen of ruminant animals by fermentative bacteria as an 
intermediate of the biohydrogenation of primarily linolenic acid (C18:3A9, 12, 15) or linoleic 
acid (C18:2A9, 12) to stearic acid (C18:0).  In mammary and adipose tissues, ruminants 
synthesize CLA by A9-desaturation of trans-vaccenic acid (t11-C18:1) (Dhiman et al. 2005). 
Literature Review 
CLA initially was discovered in the 1980s when an isolate from grilled ground beef 
was found to inhibit the initiation of epidermal carcinogenesis by 7, 12-
dimethylbenz[C]anthracene (DMBA) in mice (Ha et al. 1987). The isolate contained four 
2isomers of conjugated C18:2 that eventually became collectively known as CLA. Since that 
discovery, CLA research has grown and diversified. Dietary CLA inhibits mammary tumor 
yield in rats fed high or low doses of DMBA (Ip et al. 1994). Additionally, rats fed CLA 
from weaning to the time of DMBA administration also were protected against mammary 
tumor formation. The t10, c12 isomer represses cell proliferation and induces apoptosis in 
human colorectal cancer cells (Lee et al. 2006). Dietary CLA inhibits the local growth and 
spread of human breast adenocarcinoma cells transplanted into severe combined 
immunodeficient (SCID) mice (Visonneau et al. 1997). Another beneficial health effect of 
dietary CLA is the inhibition of atherosclerosis, as demonstrated in rabbits (Lee et al. 1994) 
and hamsters (Nicolosi et al. 1997). Dietary CLA also modulates the immune system. In 
guinea pigs, dietary CLA decreases antigen-induced eicosanoid release (Whigham et al. 
2002).  
Dietary CLA effects on body composition also have been studied extensively. CLA 
isomers are incorporated into subcutaneous adipose and lean tissues of pigs fed CLA-
enriched diets in a dose-dependent manner (Thiel-Cooper et al. 2001). Dietary CLA also 
increased the ratio of weight gain to feed intake and decreased intramuscular and 
subcutaneous adipose tissue in pigs. Mice fed a CLA-supplemented diet exhibit decreased 
body fat and increased lean body mass as compared with mice fed a control diet (Park et al. 
1997). In a long-term study with male rats, dietary CLA did not decrease the amount of body 
fat as compared with that of rats fed the control diet (Park et al. 2005). The long-term feeding 
did not cause any adverse effects.  
The beneficial health effects of dietary CLA have led researchers to seek methods 
that increase CLA consumption by humans. Assuming the average adult consumes 600 g of 
food/d, and if an adult consumes one normal serving each of whole milk, cheese, lean beef, 
and poultry per day, then the total CLA intake is 127 mg/d, which is 0.021% of the total diet 
(Dhiman et al. 2005). This daily dose of CLA is lower than the minimal effective dose 
(0.05% of the diet) necessary to prevent cancer incidence in animal models. Thus researchers 
3have sought to enrich the CLA content of dairy products such as milk and cheese, beef, and 
poultry products such as eggs. 
The CLA content of milk fat is affected by a variety of factors including the age and 
breed of the cow; diet such as pasture, conserved forage, or grain; feed additives; and CLA 
supplements. The diet of the cow strongly affects the CLA content of milk. CLA content of 
milk is much higher from cows grazing on pasture than from cows fed a diet containing 50% 
conserved forage and 50% grain (Dhiman et al. 2005). Adding plant seed oils such as 
sunflower or soybean, or fish oil to the diet also increase the CLA content of milk.  
As with dairy cattle, beef steers grazing on pasture have higher CLA content in the 
meat than steers fed a corn grain-based feedlot diet (Dhiman et al. 2005). Supplementing the 
diet of beef cattle with plant seed oils has produced variable results in terms of increasing 
CLA content of the meat.  
 Efforts have been made to increase the CLA content of poultry products by feeding 
CLA-enriched diets. CLA isomers are incorporated differentially into the tissues of hens fed 
CLA-enriched diets (Yang et al. 2003). CLA isomers were detected in the liver, heart, 
kidney, abdominal adipose tissue, leg and breast meats, but not the brain. The trans/trans 
isomers were incorporated preferentially into tissue lipids, whereas the cis/trans isomers were 
incorporated at lower concentrations relative to the amount in the diet. The cis/cis isomers 
did not have a distinct pattern in the tissue lipids as compared with those in the diet, except 
the c11, c13 isomer was incorporated at a higher concentration in the breast meat tissue than 
that in the diet.  
Studies have shown CLA concentrations increase in eggs from hens fed CLA-
enriched diets. CLA is incorporated into lipid, phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and triacylglycerols (TAG) of egg yolk in a dose-dependent 
manner from hens fed CLA-enriched diets (Du et al. 1999). More CLA was incorporated into 
the TAG than into PE or PC. The fatty acid composition of the egg yolk, however, was 
altered. Watkins et al. (2003) found significantly higher concentrations of saturated fatty 
acids (SFA) and lower concentrations of polyunsaturated fatty acids (PUFA) and 
4monounsaturated fatty acids (MUFA) in egg yolks from hens fed CLA-enriched diets. Raes 
et al. (2002) found an increase of SFA and MUFA with unchanged PUFA in egg yolk from 
hens fed CLA-enriched diets.  Shang et al. (2004) also found increased SFA, decreased 
MUFA, and relatively unchanged PUFA concentrations in egg yolks from hens fed CLA-
enriched diets. These results, along with the results of other groups (Yang et al. 2002, Du et 
al. 1999, Chamruspollert and Sell 1999), indicate CLA inhibition of a A9-desaturase, such as 
stearoyl-coenzyme A (CoA) desaturase (SCD), the enzyme that catalyzes the insertion of a 
double bond between carbons 9 and 10 in C16:0.  
Although feeding CLA-enriched diets can increase the CLA content of eggs, there are 
negative effects on the quality of the eggs. Hard-cooked eggs from hens fed CLA-enriched 
diets are firmer and have a rubbery and elastic texture as compared with hard-cooked eggs 
from hens fed control diets (Ahn et al. 1999). These eggs also had a greater increase in yolk 
pH with increased refrigeration time as compared with the eggs from hens fed the control 
diet.  
Adverse effects on reproduction have been observed in several poultry species. Hens 
fed diets containing 5% CLA consumed less feed, gained less weight, and had a lower egg 
production rate than did hens fed a 0 or 2.5% CLA diet (Ahn et al. 1999). Complete embryo 
mortality was found in eggs from hens fed a 0.5% CLA diet (Aydin et al. 2001). Complete 
embryo mortality also was seen in Japanese quail fed a 3, 2, or 1% CLA diet (Aydin et al. 
2004).  
Because of the fatty acid profile modifications seen with dietary CLA, researchers 
have studied the dietary CLA effects on SCD. Hepatic SCD-1 activity was decreased in hens 
fed a 2.5% CLA diet; SCD-1 activity and mRNA abundance were decreased in hens fed a 
5% CLA diet (Shang et al. 2005). Lee et al. (1998) found decreased SCD-1 mRNA in liver 
tissue of mice fed CLA-enriched diets and CLA-treated H2.35 mouse liver cells. This group 
determined SCD-1 inhibition is caused by CLA isomers other than the c9, t11 isomer. In the 
human breast cancer cell lines MDA-MB-231 and MCF-7, SCD activity was decreased by 
5both the c9, t11 and t10, c12 isomers (Choi et al. 2002). Both isomers decreased SCD protein 
concentrations in the MDA-MB-231 cells.  
As mentioned previously, CLA incorporation into tissues of livestock, experimental 
animals, and poultry has been shown. Little work has been done evaluating the effects of 
CLA on insects. Park et al (2000) studied the incorporation of CLA into house fly tissues 
along with the effects of CLA on survival, development, fertility, and eclosion of eggs. Fly 
larvae were reared on diets containing synthetically prepared CLA. Total lipids were 
extracted from whole pupae. Adult flies were fed a CLA-supplemented diet starting the 
second day after emergence. After five days, total lipids were extracted from the adults. CLA 
isomers were incorporated into pupal and adult tissues in a concentration-dependent manner. 
Development of larvae and pupae, survival and fertility of the adults, and the eclosion of the 
oviposited eggs were not affected adversely by dietary CLA. Fatty acid profiles of the pupae 
or adults were not analyzed.  
Insect Fatty Acids 
Fatty acids in ester form are the principal energy storage molecule for nearly all living 
organisms. These hydrocarbon derivatives also play a role in cellular and subcellular 
membranes. Insect fatty acids are primarily in the form of TAG or diacylglycerols (DAG). 
The major fatty acids found in insect TAG are those with 16 or 18 carbon atoms, including 
palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and 
linolenic (C18:3) acids. PUFA with chains of 20 carbon atoms are found in the phospholipids 
of many insect species. Phospholipids serve critical structural roles as components of the 
lipid bilayer in cellular membranes. As in the higher animals, the eicosanoids that function in 
insect reproduction are derivatives of PUFA.  
Diet plays a critical role in the fatty acid composition of insects. Lipids consumed in 
the diet are absorbed primarily as fatty acids in the midgut. Caterpillars transport TAG to the 
basal parts of the cell and actively export the fatty acids to the hemolymph as DAG 
(Chapman 1998). In general, diets high in PUFA lead to higher percentages of tissue PUFA 
and lower percentages of tissue MUFA (Stanley-Samuelson et al. 1988).  
6All insects can synthesize C16:0, C18:0, and C18:1 de novo. Insects with C12:0 and 
C14:0 in their tissues can synthesize those de novo as well. The ability to biosynthesize 
PUFA, especially linoleic acid, varies across insect species. The cockroach, Periplaneta 
americana, the cricket, Achaeta domestica, and the termite, Zootermopsis angusticollis, can 
synthesize linoleic acid from dietary acetate (Blomquist et al. 1982); however, most insect 
species require certain PUFA in the diet.  In general, Lepidoptera require linoleic or linolenic 
acid in the diet (Chapman 1998).  
Insects possess a A9-desaturase that desaturates C16:0 and C18:0 at the A9 position. 
This position is typically the first one for desaturation. The double bond is introduced by 
direct dehydrogenation of carbon atoms 9 and 10 of a fatty acyl-CoA. Similar to the enzymes 
of yeast, protozoa, and higher animals, the insect enzyme is microsomal and requires O2 and 
NADH or NADPH. In house flies, the desaturase could use C14:0 to C18:0 fatty acyl-CoA as 
a substrate; however, the highest activity occurred with C18:0-CoA (Wang et al. 1982). 
Insect Reproduction 
Insects use sex pheromones for species-specific communication. Moths are well-
known for using sex pheromones. The female (releaser) emits a plume of pheromones from 
the pheromone gland near the tip of her abdomen. The male (receiver) detects the plume 
downwind and follows the plume upwind to the female. Moth pheromones typically are 
produced and released at night. Most moth sex pheromones are usually straight-chain 
hydrocarbons, aldehydes, alcohols, or acetates with chain lengths of 12, 14, or 16 carbon 
atoms derived from fatty acid precursors (Foster 2004). These fatty acids must be 
biosynthesized or obtained in the diet. 
Most insects are oviparous, meaning they lay eggs. These eggs are rich in yolk, which 
accounts for approximately 90% of the oocyte. Juvenile hormone is associated with 
regulation of vitellogenin production and oogenesis in most insects (Daly et al.1998).  The 
yolk is comprised mostly of lipids as TAGs and proteins derived from vitellogenins.  The 
lipids, proteins, and other nutrients of the yolk are derived from the food consumed by the 
female. If the adult female does not eat, which is often the case within the order Lepidoptera, 
7the nutrients are derived from the food eaten and stored in the fat body during the larval 
stage. Thus, the nutrition of the female may influence greatly the nutrient content of the egg. 
Yolk accumulation is completed during the late larva or pupa, but a period of maturation is 
generally required in the adult before ovulation (Chapman 1998).  
Objectives 
The similarities between insect and higher animal fatty acid biosynthesis indicate 
insects may exhibit the same fatty acid alterations as demonstrated in higher animals fed 
CLA-enriched diets. I chose to study the effects of dietary CLA on a lepidopeteran, the 
European corn borer (ECB), Ostrinia nubilalis. The ECB was chosen because it is an 
economically important crop pest and easy to maintain in laboratory colonies. The goals of 
this thesis research were to (1) monitor the effects of dietary CLA on the survival and 
development of ECB neonates, (2) measure the effects of dietary CLA on the adult fecundity 
and egg fertility of ECB, and (3) examine the effects of dietary CLA on the fatty acid profiles 
of ECB pupae, adults, and eggs.  
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CHAPTER 2. Effects of Dietary Conjugated Linoleic Acid on 
European Corn Borer (Lepidoptera: Crambidae) Survival, Fatty 
Acid Profile, and Fecundity 
A paper to be submitted to Annals of the Entomological Society of America 
Lindsey J. Gereszek, Joel R. Coats, and Donald C. Beitz 
Abstract 
Conjugated linoleic acid (CLA) is an unusual fatty acid produced by fermentative 
bacteria in the rumen of ruminant mammals.  Positive biological effects, including 
anticarcinogenic, antiatherogenic, and immune enhancing effects, have been observed in 
mammals fed CLA-enriched diets. Little is known of the biological effects of dietary CLA on 
insects, and nothing is known of the dietary CLA effects on the fatty acid profile of an insect. 
In this study, we examined the effects of a CLA or safflower oil-enriched meridic diet at 
several concentrations on European corn borer, Ostrinia nubilalis (Hübner), survival, 
development, fatty acid profiles, and fecundity. The fatty acid profiles of pupal and adult 
tissues as well as eggs from adults fed CLA-enriched diets as a larva were studied. Control 
insects were fed the meridic diet with the solvent carrier added. We hypothesized a CLA-
enriched diet, but not a safflower oil-enriched diet, would decrease survival, alter fatty acid 
profiles, and decrease fecundity. Larvae fed the CLA-enriched diet developed more slowly 
than did larvae fed the safflower oil-enriched diet or the control diet. Pupal mass was not 
affected by any of the treatments. Survival was decreased greatly in larvae fed the CLA-
enriched diet. Saturated fatty acids increased proportionately, whereas polyunsaturated and 
monounsaturated fatty acids decreased proportionately in both pupal and adult tissues. 
Fecundity was not affected by any of the treatments.  
 
KEYWORDS:  conjugated linoleic acid, fatty acids, Ostrinia nubilalis 
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Introduction 
Non-target pest toxicity, environmental persistence, and mammalian neurotoxicity, 
among other factors, of the traditional pesticides have initiated a push for more 
environmentally friendly, biorational pest control products. Conjugated linoleic acid (CLA) 
is produced naturally by microorganisms in the rumen of ruminant mammals as an 
intermediate of the biohydrogenation of primarily linolenic acid (C18:3) or linoleic acid 
(C18:2) to stearic acid (C18:0). CLA refers to a group of positional and geometric isomers of 
C18:2. A variety of biological effects of dietary CLA have been shown, including 
anticarcinogenic (Ha et al. 1987, Ip et al. 1994, Lee et al. 2006) and antiatherogenic effects 
(Lee et al. 1994, Nicolosi et al. 1997). Additionally, dietary CLA decreases adipose tissue 
while increasing lean body mass (Park et al. 1997, Thiel-Cooper et al. 2001). CLA isomers 
were incorporated into the tissues of the animals fed the CLA-enriched diets.  
Adverse effects on reproduction have been observed in several poultry species. Hens 
fed diets containing 5% CLA consumed less feed, gained less weight, and had a lower egg 
production rate than did hens fed a 0 or 2.5% CLA diet (Ahn et al., 1999). Complete embryo 
mortality was found in eggs from hens fed a 0.5% CLA diet (Aydin et al., 2001). Complete 
embryo mortality also was seen in Japanese quail fed a 3, 2, or 1% CLA diet (Aydin et al., 
2004).  
Fatty acid profile alterations have been demonstrated in the eggs of hens fed CLA-
enriched diets. Egg yolk lipids from hens fed a CLA-enriched diet have higher concentrations 
of saturated fatty acids and decreased concentrations of monounsaturated and 
polyunsaturated fatty acids compared with those from hens fed control diets (Watkins et al. 
2003, Chamruspollert and Sell 1999, Du et al. 1999). These alterations imply the inhibition 
of a A9-desaturase. Hepatic stearoyl-coenzyme A desaturase-1 (SCD-1) activity was 
decreased in hens fed a 2.5% CLA diet; SCD-1 activity and mRNA abundance were 
decreased in hens fed a 5% CLA diet (Shang et al. 2005).  
Insecticides with novel modes of action are highly desirable. Few insecticides target 
lipid metabolism or biosynthesis. Very little is known of the effects of CLA on insects. 
13
House fly, Musca domestica L., larvae and adults fed a CLA-enriched diet had CLA isomers 
incorporated into the tissue lipids with no negative impacts on survival, development, or 
reproduction (Park et al. 2000). Fatty acid profiles of the flies were not reported. Diet plays a 
critical role in the fatty acid composition of an insect. We hypothesized dietary CLA would 
alter fatty acid profiles, specifically by increasing saturated fatty acids and decreasing 
monounsaturated and polyunsaturated fatty acids, and that these alterations would negatively 
impact survival, development, and fecundity of the European corn borer, Ostrinia nubilalis 
(Hübner). Our objectives for this study were to monitor the survival and development; 
quantify the individual fatty acids of pupae, adults, and eggs; and measure the adult fecundity 
and egg fertility of O. nubilalis larvae fed a CLA-enriched diet.  
Materials and Methods 
Experimental Design. This study employed a completely randomized design with a 
2 by 5 factorial treatment design. The two levels of the first factor were CLA and safflower 
oil, respectively. The five levels of the second factor were the concentrations of the 
compounds in the meridic diet. A control also was used, giving a total of 11 treatment 
combinations.  
Diet Preparation and Insects. Standard meridic diet of wheat germ was provided by 
the US Department of Agriculture – Agricultural Research Service (USDA – ARS) Corn 
Insects and Crop Genetics Research Unit, Ames, IA. Diet was prepared following the method 
of Lewis and Lynch (1969). The appropriate amounts of CLA (Loders Croklaan, 
Wormerveer, The Netherlands) or safflower oil (Spectrum Organic Products, Inc., Petaluma, 
CA) to constitute 0.6, 0.4, 0.2, 0.1, and 0.05% (calculated as wt/vol liquid diet) were 
dissolved in 8 ml acetone and incorporated into 400 ml liquid meridic diet. An early 
experiment used 5 and 1% CLA or safflower oil-enriched diets. These concentrations made 
the diet very oily and created a strong odor, therefore, it was decided to use lower 
concentrations. Acetone (8 ml) was used for the control. The diet aliquots were stirred by 
hand for 1 min to ensure equal distribution of the additive. The CLA product contained 
primarily the cis-9, trans-11 (c9, t11) and trans-10, cis-12 (t10, c12) isomers as free fatty 
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acids in a 50:50 ratio. Analysis of the CLA product determined the composition (wt%) was 
6.7% 16:0, 3.8% 18:0, 25.7% 18:1, 31.3% c9, t11 CLA, 31.4% t10, c12 CLA, and 1.2% t9, 
t11 CLA. Approximately 5 ml of diet from each mixture were poured into individual 18.5-ml 
plastic diet cups (Fill Rite, Newark, NJ). The diet cups sat for 24 hours to allow the acetone 
to evaporate. One O. nubilalis neonate larva, provided by the Corn Insects and Crop Genetics 
Research Unit, was placed on the surface of the diet in each diet cup. A lid was placed on 
each diet cup, and the diet cups were kept in an environmentally controlled room at 27oC in 
constant light and 75% RH.  
Development Parameters. Artificial diet was prepared as described in the Diet 
Preparation and Insects section to give final CLA or safflower oil concentration of 0.6, 0.4, 
0.2, 0.1, and 0.05 %. Ninety O. nubilalis neonate larvae (one per diet cup) were used for each 
treatment combination, including the control. The larval duration and pupal mass (mg) of the 
survivors were recorded; the uneaten food and excrement were discarded, and the pupa was 
returned to the cup. The duration from hatch to adult emergence was recorded. Some adults 
never emerged; thus, development time to the adult stage was not recorded.  
Survival. Artificial diet was prepared as described in the Diet Preparation and Insects 
section to give final CLA or safflower oil concentration of 0.6, 0.4, 0.2, 0.1, and 0.05 %. One 
O. nubilalis neonate larva was placed in each diet cup. An experimental unit consisted of 30 
diet cups, and each experimental unit was replicated three times. The percentages of 
survivors to the pupal and adult stages were recorded for each experimental unit. LC50 values 
were calculated on the basis of mortality recorded at both the pupal and adult stages. The 
slopes and intercepts of the concentration-response curves, based on the data recorded at both 
pupal and adult stages, were determined. 
Total Lipid Extraction and Fatty Acid Analysis. The fatty acid profiles of pupae 
that had been fed a 0.6, 0.4, 0.2, 0.1, 0.05, or 0.0% CLA or safflower oil diet as larvae were 
determined. The fatty acid profiles of male and female adult moths that had been fed a 0.2, 
0.1, 0.05, or 0.0% CLA or safflower oil diet as larvae also were determined. Adults fed the 
two higher dietary concentrations of CLA or safflower oil were not studied because of low 
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percentage survival of adults fed the CLA diet at these concentrations. The fatty acid profiles 
of eggs produced by adult males and females fed a 0.2, 0.1, 0.05, or 0.0% CLA diet as a larva 
were determined. An experimental unit consisted of five whole pupae or adults and each 
experimental unit was replicated two or three times. For the determination of egg fatty acid 
profiles, 500 mg of egg masses comprised an experimental unit, and each experimental unit 
was replicated three times. Whole pupal or adult bodies were weighed and transferred to a 
glass homogenizer containing chloroform : methanol (2 : 1, v/v). Total lipid was extracted 
following the procedure of Folch et al. (1957). Fatty acid methyl esters (FAME) were 
prepared from the total lipid extract by adding 2 ml of 0.5 N methanolic base (Sigma Aldrich 
Co., St. Louis, MO) to a Teflon-lined screw cap test vial containing 10 mg of the total lipid 
sample dissolved in 1 ml toluene. The reaction vial was heated at 70oC for 15 min. After 
cooling to room temperature, 1 ml water and 1 ml hexane were added. The upper (organic) 
layer was removed and dried over anhydrous sodium sulfate. FAME were quantified by a gas 
chromatograph (Model 3350, Varian, Palo Alto, CA) equipped with a SP-2560 fused silica 
capillary column (100 m x 0.25 m x 0.2 Nm film thickness, Supelco, Bellefonte, PA) and a 
flame ionization detector. The column was started at 70oC, held for 4 min, increased 13oC per 
min to 175oC, held for 27 min, increased 4oC per min to 215oC, and held for 28 min. The 
injector and detector were maintained at 220oC. Sample FAME were identified by comparing 
the retention time with those of FAME standards (Nu-Chek-Prep, Inc., Elysian, MN). Fatty 
acid compositions were determined using the peak areas and presented as a weight 
percentage. The A9-desaturase activity was estimated by relating the percentage of the 
products (oleic (18:1) and palmitoleic (16:1) acids) to the percentage of the parent 
compounds (stearic (18:0) and palmitic (16:0) acids) (Zhang et al. 2006). The A9-desaturase 
index was calculated by multiplying 100 times the ratio of the sum of 18:1 and 16:1 to the 
sum of 18:1, 18:0, 16:1, and 16:0.  
Fecundity and Fertility. One male and one female each from a treatment 
combination were placed in a small wire-mesh cage. Wax paper was placed on the top of the 
mesh cage as an oviposition site. A glass Petri dish held the wax paper in place. The cages 
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were kept on trays covered with water-logged cotton in an environmentally controlled room 
maintained at 27oC during the day and 16oC during the night with a 16:8 (L:D) h 
photoperiod. The experimental unit was a breeding pair in the wire mesh cage and was 
replicated nine to 34 times. The initial experiment studied adults from the 0.2, 0.1, and 0.05% 
CLA or safflower oil treatment groups and the control group, for a total of seven treatment 
combinations. A follow-up experiment required large scale rearing of larvae with the 0.6 and 
0.4% CLA diets, and the adults were evaluated along with adults fed the control diet as a 
larva, for a total of three treatment combinations. The experimental unit (the breeding pair in 
the cage) was replicated six to 13 times. The pairs were kept together for 7 d. Eggs on the 
wax paper were collected each morning, and a new wax paper was put in its place. At the end 
of the week, the adults were destroyed. Individual eggs were counted for each pair by using a 
light microscope. Fertile eggs could be distinguished from infertile eggs as they developed by 
using the microscope. The percentage of pairs to produce fertile eggs also was recorded. 
Statistical Analyses. The time (d) to pupa, pupal mass (mg), time (d) to adult 
emergence, total lipid content, and FAME composition were analyzed by using analysis of 
variance (ANOVA), and the means compared by the Student-Newman-Keul’s test (PROC 
GLM, SAS Institute 2002). Data of survival to pupal and adult stages were used to calculate 
LC50 values for O. nubilalis fed the CLA or safflower oil diets as larvae on a logarithmic 
base 10 scale (PROC Probit, SAS Institute 2002). The slopes and intercepts of the 
concentration-response curves, on a logarithmic base 10 scale, were compared using the SAS 
procedure PROC GLIMMIX (SAS Institute 2002). The data of percentage of survivors to the 
pupal and adult stages were normalized by using arcsine square root transformation before 
ANOVA, and means were separated by using the Student-Newman-Keul’s test (PROC 
GLM, SAS Institute 2002). The percentage of fertile eggs produced (by adults that produced 
at least one egg) data were transformed by using arcsine square root transformation before 
ANOVA and analyzed by the LSMEANS option of PROC GLM with Tukey adjustment for 
pair-wise comparisons among treatment combinations (SAS Institute 2002).  For the initial 
experiment, fecundity for each of the seven treatment combinations was analyzed by using 
17
the Chi-square test in a 7 by 2 contingency table for independence between treatment 
combination and the production of at least one fertile egg (CHISQ option, PROC FREQ, 
SAS Institute 2002). This test was not valid, however, because some of the cells had 
expected counts less than five. Therefore, pair-wise comparisons of interest were preformed 
by using Fisher’s exact test and the Bonferonni method to adjust P values (EXACT option, 
PROC FREQ, SAS Institute 2002). For the follow-up experiment, fecundity for each of the 
three treatment combinations also was analyzed by pair-wise comparisons of interest by 
using Fisher’s exact test and the Bonferonni method to adjust P values (EXACT option, 
PROC FREQ, SAS Institute 2002). The percentage of fertile eggs produced data were 
transformed by using arcsine square root transformation before ANOVA and analyzed by the 
LSMEANS option of PROC GLM with Tukey adjustment for pair-wise comparisons among 
treatment combinations (SAS Institute 2002).  Adults were considered fecund if at least one 
fertile egg was produced. Non-transformed data are presented in figures and tables. 
Results 
Impact of dietary CLA on development. Dietary CLA increased the time (d) 
required for development from the neonate to the pupal stage and to the adult stage (Table 1). 
Dietary safflower oil also increased the time (d) required for development from the neonate 
to the pupal stage and to the adult stage (Table 2). Feeding either CLA or safflower oil 
increased time to adult emergence. The development time increase, however, was more 
pronounced for O. nubilalis fed the CLA diets. Pupal weight (mg) was not affected by 
dietary CLA or safflower oil. The pupae were not sexed prior to weighing; thus, means for 
each treatment combination included weights of both males and females.  
Impact of dietary CLA on survival. Dietary CLA decreased the percentage of O. 
nubilalis neonates surviving to the pupal stage (F = 8.63; df = 5, 12; P < 0.0011) and to the 
adult stage (F = 19.72; df = 5, 12; P < 0.0001) (Fig. 1). The LC50 values for pupae and adults 
were 0.10% CLA and 0.05% CLA, respectively (Table 3). Dietary safflower oil also 
decreased the percentage of surviving O. nubilalis neonates to the pupal stage (F = 5.49; df = 
5, 12; P = 0.0074) and to the adult stage (F = 9.02; df = 5, 12; P = 0.0009) (Fig. 2). The LC50 
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values for pupae and adults were 0.26% safflower oil and 0.08% safflower oil, respectively 
(Table 3). Significant differences were found between the slopes of the CLA and safflower 
oil concentration-response curves at the pupal stage (F = 28.38; df = 1, 26; P < 0.0001) and 
the adult stage (F = 11.23; df = 1, 26; P = 0.0025). The intercepts of the curves also were 
significantly different at the pupal stage (F = 23.14; df = 1, 8.107; P = 0.0013) and the adult 
stage (F = 19.58; df = 1, 26; P = 0.0002). The slopes and intercepts of the concentration-
response curves for both CLA and safflower oil may be found in Table 4. The decrease in 
survival observed in the insects fed the safflower oil diets may have been caused by the 
increased lipid content as compared with that of the optimal standard meridic diet.  
Impact of dietary CLA on fatty acid profile. The fatty acid profiles of pupae fed a 
CLA-enriched diet as larvae (CLA pupae) were significantly different when compared with 
that of the pupae which had been fed the control diet during their larval stage (control pupae) 
(Table 5). Palmitic (16:0), palmitoleic (16:1), oleic (18:1) and linoleic (18:2n-6) acids 
comprised the majority of fatty acids in O. nubilalis control pupae. In CLA pupae, the 
concentration of saturated fatty acids (SFA) increased whereas the concentration of 
monounsaturated fatty acids (MUFA) decreased (Fig. 3). The value of the A9-desaturase 
index decreased as dietary CLA concentration increased, indicating the inhibition of the A9-
desaturase by CLA (Fig. 4). The cis-9, trans-11 and trans-10, cis-12 CLA isomers were 
incorporated into the tissues at the expense of other polyunsaturated fatty acids (PUFA). As 
dietary CLA concentration increased, the concentrations of the 18:2n-6 and linolenic 
(18:3n3) acids decreased (Figs. 5 and 6, respectively). Total lipid content was not affected by 
dietary CLA. Total SFA (F = 1.40; df = 5, 12; P = 0.29) and MUFA (F = 0.97; df = 5, 12; P = 
0.47) concentrations did not change in safflower oil pupae. Within the MUFA, 18:1 increased 
(F = 32.01; df = 5, 12; P < 0.0001) whereas 16:1 decreased (13.12; df = 5, 12; P = 0.0002). 
This response probably was caused by the safflower oil, which is rich in 18:1. The value of 
the A9-desaturase index did not change with increased concentration of safflower oil in the 
diet (F = 1.17; df = 5, 12; P = 0.3765). Interestingly, 18:3n-3 decreased from 1.2 % of total 
fatty acids in controls to 0.8% of total fatty acids in pupae fed the 0.60% safflower oil diet (F 
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= 9.02; df = 5, 12; P = 0.0009). The 18:2n-6 did not decrease (F = 1.05; df = 5, 12; P = 
0.4310). Total lipid content was not affected by dietary safflower oil (F = 2.65; df = 5, 12; P 
= 0.0773). 
Fatty acid profiles of adult females and males reared on the CLA-enriched diets also 
were different from those of the controls (Tables 6 and 7, respectively). The16:0, 16:1, 18:1, 
and 18:2n-6 comprised the majority of fatty acids in adults fed the control diet as larvae. The 
18:3n-3 was decreased from 1.2% in control pupae to 0.9 and 0.8% in control adult females 
and males, respectively. The concentration of SFA increased whereas the concentration of 
MUFA decreased with increased concentration of CLA in the diet (Fig. 7). The value of the 
A9-desaturase index decreased as dietary CLA concentration increased, with the decline 
being sharper in males as compared with females (Fig 8). Again, the cis-9, trans-11 and 
trans-10, cis-12 CLA isomers were incorporated into the tissues. Gender differences were 
observed: females had higher concentrations of both CLA isomers than did the males. Both 
18:2n-6 and 18:3n-3 decreased with increasing dietary CLA concentration (Figs. 9 and 10, 
respectively). No 18:2n-6 acid was detected in adults fed the 0.20% CLA diet as larvae. Total 
lipid content was not affected. 
Adult females (Table 8) and males (Table 9) reared on the safflower oil-enriched 
diets did not differ from control females and males in total SFA or MUFA concentrations. As 
was observed in the pupae, the adults reared on the safflower oil diets had slightly increased 
18:1n-9; however, no apparent decrease in 16:1n-7 was observed. The value of the A9-
desaturase index did not change with increased concentration of safflower oil in the diet. The 
concentration of 18:3n-3 was decreased slightly, whereas the 18:2n-6 acid remained 
unchanged as compared with those of the control adults. Total lipid content was not affected. 
The fatty acid profiles of eggs from adults fed a CLA diet as larvae (CLA eggs) 
differed from the fatty acid profile of eggs from adults fed the control diet as larvae (control 
eggs) (Table 10). In CLA eggs, the concentration of total SFA increased whereas the 
concentration of total MUFA decreased with increased CLA concentration in the diet of the 
parents (Fig. 11). The value of the A9-desaturase index decreased as parent dietary CLA 
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concentration increased (Fig. 12). The cis-9, trans-11 and trans-10, cis-12 CLA isomers were 
incorporated into the egg lipids, indicating these fatty acids were transferred from the female 
to the eggs. The major PUFA, 18:2n6 and 18:3n3, did not differ among treatment 
combinations. Total lipid content was not affected.  
Impact of dietary CLA on fecundity and fertility.  In both the initial experiment 
and the follow-up experiment to evaluate the effects of the 0.40 and 0.60% CLA diets, the 
results of Fisher’s exact test for each of the pair-wise comparisons indicated fecundity did not 
differ among treatment combinations (Fig. 13).  The p values determined by Fisher’s exact 
test for both experiments may be found in Table 11. No treatment effects on the percentage 
of fertile eggs laid were observed in the initial experiment (F = 0.72; df = 6, 116; P = 0.6381) 
or in the follow-up experiment (F = 2.69; df = 2, 27; P = 0.0857) (Fig. 14). Fecundity was 
only 50% at the 0.60% CLA concentration, which almost met the cutoff for significance. At 
higher dietary CLA concentrations, fecundity may be significantly impacted. 
Discussion 
The results presented here support the hypothesis that dietary CLA alters the fatty 
acid profile of O. nubilalis. The data clearly demonstrate the increase in SFA concentration, 
namely 14:0, 16:0 and 18:0, with a decrease in MUFA concentration, namely 16:1n-7 and 
18:1n-9, as a function of increasing dietary CLA. The A9-desaturase index decreased as 
dietary CLA concentration increased but remained unchanged in insects fed the control or 
safflower oil-enriched diets. These data are consistent with the inhibition of A9-desaturase by 
CLA. CLA inhibition of A9-desaturase has been demonstrated in several animal models, 
including mammals and poultry, and human breast cancer cell systems (Lee et al. 1998, Choi 
et al. 2002, Shang et al. 2005). Because fatty acids are precursors to cuticular hydrocarbons, 
pheromones, and other longer-chain, more highly unsaturated fatty acids, alterations to the 
fatty acid composition may have severe implications in many biochemical processes.  
In general, diets high in PUFA lead to higher percentages of tissue PUFA and lower 
percentages of tissue MUFA (Stanley-Samuelson et al., 1988). Our data show a 
concentration-dependent increase in tissue CLA whereas the other PUFA, namely 18:2n-6 
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and 18:3n-3, decreased. It is possible that the decrease in these two PUFA may be because of 
a competitive inhibition in uptake by the midgut caused by the high concentration of CLA in 
the diet. Only one 20-carbon PUFA was detected, which was at a relatively low 
concentration in both pupae and adults. Because we used whole-body lipid extracts, we may 
have been unable to detect other long-chain PUFA that may be in very low concentrations in 
select tissues and lipid classes.  
The results indicate that CLA is incorporated into the tissue lipids of O. nubilalis with 
adverse effects on development and survival. The time required for development was 
increased, and survival was decreased. Although dietary safflower oil slightly decreased 
survival, the impact of CLA on survival was more severe. The altered fatty acid profiles may 
contribute to the increased development time and decreased survival. These results are in 
contrast to the results of Park et al. (2000) that showed CLA being incorporated into the 
house fly with no adverse effects.  The fatty acid profile, however, was not reported in that 
paper. It would be of interest to know if CLA inhibits A9-desaturation in the house fly. 
Mammals and poultry fed CLA-enriched diets also incorporate CLA isomers into tissue 
lipids (Thiel-Cooper et al. 2001, Yang et al. 2003). Survival of mammals and poultry fed 
CLA-enriched diets is not affected adversely. Rats fed a 1% CLA diet for 18 months did not 
differ in weight gain or survival rate as compared with rats fed the control diet (Park et al. 
2005). 
The current study did not find adverse effects on reproduction, which is consistent 
with the results of Park et al. (2000). This result is in contrast to the results of several poultry 
studies in which dietary CLA caused complete embryo mortality or decreased hatchability 
(Aydin and Cook 2004, Aydin et al. 2001). The decreased concentration of 18:1n-9 in the 
yolk was believed to be a major factor in embryo mortality. The current study found altered 
fatty acid profiles in the eggs of adult moths fed CLA-enriched diets as larvae. The cis-9, 
trans-11 and trans-10, cis-12 CLA isomers were incorporated into the lipids of the eggs, total 
SFA increased, and total MUFA decreased as the concentration of CLA in the diet of the 
parents increased. The fertility of the O. nubilalis eggs was determined before hatching, 
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when the black larval head capsule was clearly visible, but that does not guarantee that the 
neonates would have survived through all life stages. The fatty acid profile alterations may 
have adverse effects on the survival and development of the neonate.  
Our results may have implications in future development of biorational pest control 
agents. Very few insecticides currently on the market target lipid metabolism, and none exert 
their effects on the A9-desaturase. CLA significantly decreases the survival of O. nubilalis 
and affects the biochemistry of the insect with a novel mode of action.  
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Table 1. Effects of dietary CLA concentration on time to pupal stage, time to adult emergence, and pupal weight of O. nubilialis1
Dietary CLA Concentration (%) F df P
Variable Control 0.05 0.1 0.2 0.4 0.6
Time to pupal stage(d)14.6 ± 0.1a 15.4 ± 0.1b 15.1 ± 0.1b 15.8 ± 0.1c 17.1 ± 0.2d 18.1± 0.2e 62.79 5 , 359 < 0.0001
Pupal weight (mg) 94 ± 2a 105 ± 2a 102 ± 2a 100 ± 2a 95 ± 2a 96 ± 2a 2.83 5, 359 0.0159
Time to adult
emergence (d) 22.1 ± 0.1a 22.6 ± 0.1a 22.3 ± 0.2a 22.8 ± 0.2a 24.1 ± 0.2b 24.3 ± 0.6b 13.42 5, 173 < 0.0001
Means within a row followed by the same letter are not different (P < 0.05; Student-Newman-Keul’s test)
1Values reported as LSM ± SEM
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Table 2. Effects of dietary safflower oil concentration on time to pupal stage, time to adult emergence, and pupal weight of O. nubilalis1
Dietary Safflower Oil Concentration (%) F df P
Trait Control 0.05 0.4 0.6
Time to pupal stage (d) 14.5 ± 0.1a 15.2 ± 0.1b 15.1 ± 0.1b 16.0 ± 0.1c 20.14 3, 266 < 0.0001
Pupal weight (mg) 101 ± 2a 101 ± 2a 102 ± 2a 94 ± 3a 1.75 3, 266 0.1581
Time to adult
emergence (d) 22.1 ± 0.1a 22.3 ± 0.1ab 22.5 ± 0.1b 22.9 ± 0.1c 7.41 3, 186 0.0001
Means within a row followed by the same letter are not different (P < 0.05; Student-Newman-Keul’s test)
1Values reported as LSM ± SEM
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Table 3. Toxicity of CLA and safflower oil to O. nubilalis at the pupal and adult stages 
Treatment and stage n Slope (SEM)a LC50 (95% FL)b df U2c 
of development 
CLA pupae  18 2.3 (0.51) 0.10 (0.06-0.15) 1 20.21 
CLA adults 18 2.2 (0.41) 0.05 (0.03-0.07) 1 27.07 
Safflower oil pupae 18 0.99 (0.29) 0.26 (0.14-0.68) 1 11.58 
Safflower oil adults 18 1.2 (0.21) 0.08 (0.04-0.11) 1 31.44 
FL, fiducial limit 
aTransformed to logarithm base 10 scale 
bUnits are percentage of CLA or safflower oil in meridic diet (calculated as weight to 
volume) 
cP < 0.001 for all chi-square values
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Table 4. Solutions for fixed effects of CLA and safflower oil concentration-response curves of O. 
nubilalis1
Estimate (SEM)2 df t Value P  
CLA intercept (pupae) 2.4 (0.29) 10.75 8.37 <0.0001  
CLA slope (pupae) 2.4 (0.21) 26 11.35 <0.0001 
Safflower oil intercept (pupae) 0.59 (0.25) 5.823 2.39 0.0555 
Safflower oil slope (pupae) 1.0 (0.16) 26 6.28 <0.0001 
CLA intercept (adults) 2.8 (0.28) 26 10.16 <0.0001 
CLA slope (adults) 2.2 (0.25) 26 8.89 <0.0001 
Safflower oil intercept (adults) 1.3 (0.19) 12.08 7.17 <0.0001 
Safflower oil slope (adults) 1.2 (0.17) 26 7.17 <0.0001 
1Analysis was conducted using mortality data collected at pupal and adult stages 
2Transformed to logarithm base 10 scale 
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Table 5. Effects of dietary CLA concentration on fatty acid composition, total lipid content, and 
desaturation of O. nubilalis pupae1
Dietary CLA Concentration (%) F df P 
Variable Control 0.05 0.1 0.2 0.4 0.6   
Fatty acid2
14:0  0.41 ± 0.02a 0.42 ± 0.02a 0.38 ± 0.02a 0.50 ± 0.02b 0.54 ± 0.02b 0.51 ± 0.02b 11.20 5, 10 0.0008 
16:0  28 ± 0.57a 34 ± 0.70b 37 ± 0.57c 39  ± 0.57c 42 ± 0.57d 42 ± 0.70d 83.39 5, 10 < 0.0001 
16:1n7 33 ± 0.76a 28 ± 0.93b 23 ± 0.76c 20 ± 0.76d 15 ± 0.76e 12 ± 0.93e 96.27 5, 10 < 0.0001 
18:0  1.3 ± 0.12a 1.9 ± 0.15b 2.5 ± 0.12c 3.0 ± 0.12d 4.0 ± 0.12e 4.7 ± 0.15f 88.56 5, 10 < 0.0001 
18:1n9 25 ± 0.55a 24 ± 0.68a 23 ± 0.55ab 22 ± 0.55bc 19 ± 0.55d 20 ± 0.67cd 15.34 5, 10 0.0002 
18:2n6 10 ± 0.24a 9.2 ± 0.30ab 9.7 ± 0.24ab 9.6 ± 0.24ab 8.7 ± 0.24b 7.6 ± 0.30c 10.49 5, 10 0.0010 
18:3n3 1.2 ± 0.03a 1.1 ± 0.03b 1.1 ± 0.03ab 1.0 ± 0.03b 0.84 ± 0.03c 0.67 ± 0.03d 40.64 5, 10 < 0.0001 
c9,t11 CLA NDa 0.97 ± 0.15a 1.9 ± 0.12b 3.1 ± 0.12c 5.5 ± 0.12d 6.9 ± 0.15e 395.54 5, 10 < 0.0001 
t10,c12 CLANDa 0.60 ± 0.14a 1.3 ± 0.11b 2.3 ± 0.11c 4.1 ± 0.11d 4.9 ± 0.14e 245.56 5, 10 < 0.0001 
20:5n3 0.51 ± 0.19a NDa NDa 0.06 ± 0.19a 0.06 ± 0.19a NDa 1.04 5, 10 0.4476 
SFA 30 ± 0.64a 36 ± 0.79b 40 ± 0.64c 42 ± 0.64d 47 ± 0.64e 48 ± 0.79e 99.08 5, 10 < 0.0001 
MUFA 58 ± 0.73a 52 ± 0.90b 46 ± 0.73c 42 ± 0.73d 34 ± 0.73e 32 ± 0.89e 170.40 5, 10 < 0.0001 
PUFA 12 ± 0.50a 12 ± 0.61a 14 ± 0.50a 16 ± 0.50b 19 ± 0.50c 20 ± 0.61d 42.53 5, 10 < 0.0001 
Lipids3 169 ± 15a 190 ± 15a 183 ± 15a 170 ± 15a 174 ± 15a 153 ± 18a 0.65 5, 11 0.6656 
A9-desaturase 
index4 67 ± 0.73a 59 ± 0.90b 54 ± 0.73c 50 ± 0.73d 42 ± 0.73e 41 ± 0.90e 161.31 5, 10 < 0.0001 
Means within a row followed by the same letter are not different (P < 0.05; Student-Newman-Keul’s 
test). ND, not detected; SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; 
PUFA, total polyunsaturated fatty acids, including CLA  
1Values reported as LSM ± SEM, means are average of 2 or 3 replicates of 5 pooled pupae 
2 Weight % of fatty acid methyl esters 
3Total lipids, Ng / mg tissue 
4Calculated as 100 x [(16:1n-7 + 18:1n-9)/( 16:1n-7 + 18:1n-9 + 16:0 + 18:0)] 
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Table 6. Effects of dietary CLA concentration on fatty acid composition, total lipid content, and 
desaturation of O. nubilalis adult females1
Dietary CLA Concentration (%) F df P 
Variable Control 0.05 0.1 0.2     
Fatty acid2
14:0  0.38 ± 0.06a 0.43 ± 0.06a 0.11 ± 0.06b NDb 13.28 3, 8 0.0018 
16:0  30 ± 0.61a 37 ± 0.61b 35 ± 0.61b 41 ± 0.61c 54.70 3, 8 < 0.0001 
16:1n7 31 ± 0.68a 26 ± 0.68b 27 ± 0.68b 22 ± 0.68c 33.36 3, 8 < 0.0001 
18:0  1.4 ± 0.11a 2.0 ± 0.11b 2.1 ± 0.11b  2.3 ± 0.11b 14.10 3, 8 0.0015 
18:1n9 25 ± 0.68a 24 ± 0.68ab 24 ± 0.68ab 21 ± 0.68b 4.94 3, 8 0.0316 
18:2n6 11 ± 0.37a 9.4 ± 0.37b 8.9 ± 0.37b 9.0 ± 0.37b 7.41 3, 8 0.0107 
18:3n3 0.88 ± 0.03a 0.68 ± 0.03b 0.44 ± 0.03c NDd 180.97 3, 8 < 0.0001  
c9,t11 CLA NDa 0.81 ± 0.04b 1.5 ± 0.04c 2.8 ± 0.04d 726.02 3, 8 < 0.0001 
t10,c12 CLA NDa 0.50 ± 0.05b 1.1 ± 0.05c 1.9 ± 0.05d 273.96 3, 8 < 0.0001 
20:5n3 0.09 ± 0.01a 0.12 ± 0.01a NDb NDb 24.49 3, 8 0.0002 
SFA  32 ± 0.61a 39 ± 0.61b 37 ± 0.61b 43 ± 0.61c 60.47 3, 8 < 0.0001 
MUFA 56 ± 0.78a 50 ± 0.78b 51 ± 0.78b 43 ± 0.78c 47.90 3, 8 < 0.0001 
PUFA 12 ± 0.48ab 11 ± 0.48a 12 ± 0.48ab 14 ± 0.48b  4.38 3, 8 0.0421  
Total lipids3 163 ± 9.9a 169 ± 9.9a 171 ± 9.9a 204 ± 9.9a 3.49 3, 8 0.0699 
A9-desaturase 64 ± 0.78a 56 ± 0.77b 58 ± 0.77b 50 ± 0.77c 58.54 3, 8 < 0.0001 
index4
Means within a row followed by the same letter are not different (P < 0.05; Student-
Newman-Keul’s test). ND, not detected; SFA, total saturated fatty acids; MUFA, total 
monounsaturated fatty acids; PUFA, total polyunsaturated fatty acids, including CLA  
1Values reported as LSM ± SEM, means are average of 3 replicates of 5 pooled adults 
2 Weight % of fatty acid methyl esters 
3Ng / mg tissue 
4Calculated as 100 x [(16:1n-7 + 18:1n-9)/( 16:1n-7 + 18:1n-9 + 16:0 + 18:0)] 
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Table 7. Effect of dietary CLA concentration on fatty acid composition, total lipid content, and 
desaturation of O. nubilalis adult males1
Dietary CLA Concentration (%) F df P 
Variable Control 0.05 0.1 0.2     
Fatty acid2
14:0  0.41 ± 0.05a 0.44 ± 0.05a 0.48 ± 0.05a 0.10 ± 0.05b 12.19 3, 8 0.0024  
16:0  31 ± 0.71a 36 ± 0.71b 40 ± 0.71c 44 ± 0.71d 62.26 3, 8 < 0.0001 
16:1n7 31 ± 0.52a 26 ± 0.52b 22 ± 0.52c 19 ± 0.52d 91.95 3, 8 < 0.0001 
18:0  1.4 ± 0.06a  2.0 ± 0.06b 2.5 ± 0.06c 3.1 ± 0.06d 144.10 3, 8 < 0.0001 
18:1n9 25 ± 0.39a 25 ± 0.39ab 24 ± 0.39bc 23 ± 0.39c 9.43 3, 8 0.0053 
18:2n6 10 ± 0.29a 8.9 ± 0.29b 8.1 ± 0.29bc 7.2 ± 0.29c 22.75 3, 8 0.0003 
18:3n3 0.79 ± 0.04a 0.57 ± 0.04b 0.53 ± 0.04b NDc 91.32 3, 8 < 0.0001 
c9,t11 CLA NDa 0.71 ± 0.04b 1.3  ± 0.04c 2.6 ± 0.04d 859.73 3, 8 < 0.0001 
t10,c12 CLA NDa 0.42 ± 0.04b 0.82 ± 0.04c 1.7 ± 0.04d 318.22 3, 8 < 0.0001 
20:5n3 0.15 ± 0.01a 0.12 ± 0.01b 0.12 ± 0.01b NDc 82.04 3, 8 < 0.0001 
SFA  33 ± 0.68a 38 ± 0.68b 43 ± 0.68c 47  ± 0.68d 81.85 3, 8 < 0.0001 
MUFA 56 ± 0.57a 51 ± 0.57b 46 ± 0.57c 42 ± 0.57d 119.06  3, 8 < 0.0001 
PUFA 11 ± 0.30a 11 ± 0.30a 11 ± 0.30a 11 ± 0.30a 1.44 3, 8 0.3017 
Total lipids3 205 ± 26a 220 ± 26a 221 ± 26a 272 ± 26a 1.25 3, 8 0.3534 
A9-desaturase 64 ± 0.72a 58 ± 0.72b 52 ± 0.72c 47 ± 0.72d 96.17 3, 8 < 0.0001 
index4
Means within a row followed by the same letter are not different (P < 0.05; Student-
Newman-Keul’s test). ND, not detected; SFA, total saturated fatty acids; MUFA, total 
monounsaturated fatty acids; PUFA, total polyunsaturated fatty acids, including CLA  
1Values reported as LSM ± SEM, means are average of 3 replicates of 5 pooled adults 
2 Weight % of fatty acid methyl esters 
3Ng / mg tissue 
4Calculated as 100 x [(16:1n-7 + 18:1n-9)/( 16:1n-7 + 18:1n-9 + 16:0 + 18:0)] 
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Table 8. Analysis of variance values for fatty acid composition, total lipid content, and desaturation of O. 
nubilalis adult females fed a safflower oil-enriched diet as larvae 
Variable F df P  
SFA 0.21 3, 8 0.8873 
MUFA 1.88 3, 8 0.2105 
16:1n7 0.32 3, 8 0.8095 
18:1n9 3.01 3, 8 0.0944 
PUFA 1.49 3, 8 0.2890 
18:2n6 1.86 3, 8 0.2139 
18:3n3 4.50 3, 8 0.0394 
Total lipids 2.67 3, 8 0.1182 
A9-desaturase 0.38 3, 8 0.7712 
index1
SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA, total 
polyunsaturated fatty acids, including CLA  
1Calculated as 100 x [(16:1n-7 + 18:1n-9)/( 16:1n-7 + 18:1n-9 + 16:0 + 18:0)] 
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Table 9. Analysis of variance values for fatty acid composition, total lipid content, and desaturation of O. 
nubilalis adult males fed a safflower oil-enriched diet as larvae 
Variable F df P  
SFA 0.69 3, 8 0.5853 
MUFA 1.09 3, 8 0.4088 
16:1n7 0.73 3, 8 0.5629 
18:1n9 6.07 3, 8 0.0186 
PUFA 3.72 3, 8 0.0610 
18:2n6 3.61 3, 8 0.0652 
18:3n3 5.87 3, 8 0.0203 
Total lipids 0.48 3, 8 0.7066 
A9-desaturase 0.58 3, 8 0.6460 
index1
SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA, total 
polyunsaturated fatty acids, including CLA  
1Calculated as 100 x [(16:1n-7 + 18:1n-9)/( 16:1n-7 + 18:1n-9 + 16:0 + 18:0)] 
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Table 10. Effect of dietary CLA concentration on fatty acid composition, total lipid content, and 
desaturation of O. nubilalis eggs1
Dietary CLA Concentration (%) F df P 
Variable Control 0.05 0.1 0.2     
Fatty acid2
14:0  0.23 ± 0.01a 0.25 ± 0.01ab 0.29 ± 0.01b 0.30 ± 0.01b 5.36 3, 8 0.0257 
16:0  31 ± 0.25a 33 ± 0.25b 35 ± 0.25c 37 ± 0.25d 108.32 3, 8 < 0.0001 
16:1n7 27 ± 0.48a 24 ± 0.48b 22 ± 0.48c 18 ± 0.48d 66.69 3, 8 < 0.0001 
18:0  2.7 ± 0.07a 3.0 ± 0.07b 3.3 ± 0.07c 4.1 ± 0.07d 67.50 3, 8 < 0.0001 
18:1n9 29 ± 0.21a 28 ± 0.21a 26 ± 0.21b 25 ± 0.21c 68.21 3, 8 < 0.0001 
18:2n6 9.0 ± 0.21a 9.5 ± 0.21a 9.1 ± 0.21a 9.0 ± 0.21a 1.09 3, 8 0.4074 
18:3n3 0.83 ± 0.14a 0.57 ± 0.14a 0.74 ± 0.14a 0.76 ± 0.14a 0.68 3, 8 0.5862  
c9,t11 CLA NDa 1.1 ± 0.08b 2.1 ± 0.08c 3.8 ± 0.08d 360.10 3, 8 < 0.0001 
t10,c12 CLA NDa 0.56 ± 0.06b 1.2 ± 0.06c 2.2 ± 0.06d 248.13 3, 8 < 0.0001 
20:5n3 0.27 ± 0.04a 0.24 ± 0.04a 0.25 ± 0.04a 0.17 ± 0.04a 1.06 3, 8 0.4181 
SFA 34 ± 0.24a 36 ± 0.24b 39 ± 0.24c 41 ± 0.24d 183.56 3, 8 < 0.0001 
MUFA 56 ± 0.47a 51 ± 0.47b 48 ± 0.47c 42 ± 0.47d 143.59 3, 8 < 0.0001 
PUFA 10 ± 0.41a 12 ± 0.41b 13 ± 0.41c 16 ± 0.41d  36.10 3, 8 < 0.0001 
Total lipids3 90.1 ± 17a 134 ± 17a 138 ± 17a 163 ± 17a 3.02 3, 8 0.0941 
A9-desaturase 62 ± 0.35a 59 ± 0.35b 55 ± 0.35c 51 ± 0.35d 191.44 3, 8 < 0.0001 
index4
Means within a row followed by the same letter are not different (P < 0.05; Student-
Newman-Keul’s test). ND, not detected; SFA, total saturated fatty acids; MUFA, total 
monounsaturated fatty acids; PUFA, total polyunsaturated fatty acids, including CLA  
1Values reported as LSM ± SEM, means are average of 3 replicates of 500 mg egg masses 
2 Weight % of fatty acid methyl esters 
3Ng / mg tissue 
4Calculated as 100 x [(16:1n-7 + 18:1n-9)/( 16:1n-7 + 18:1n-9 + 16:0 + 18:0)] 
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Table 11. Results of Fisher’s exact test for pair-wise comparisons of fecundity1
Comparison of interest Two-sided P Value 
0.05% CLA and 0.05% Safflower oil2 1.0000 
0.10% CLA and 0.10% Safflower oil2 1.0000 
0.20% CLA and 0.20% Safflower oil2 1.0000 
Control and 0.20% CLA2 1.0000 
Control and 0.10% CLA2 0.6498 
Control and 0.05% CLA2 0.2361 
Control and 0.20% Safflower oil2 1.0000 
Control and 0.10% Safflower oil2 0.5940 
Control and 0.05% Safflower oil2 0.2408 
Control and 0.40% CLA3 0.2200 
Control and 0.60% CLA3 0.0654 
0.40% CLA and 0.60% CLA3 0.5378 
1No comparisons were significant using the Bonferonni method to adjust P values  
2P value cutoff for significance was 0.05/9 = 0.0056 
3P value cutoff for significance was 0.05/3 = 0.0167 
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Figure Legends 
Figure 1. Survival of O. nubilalis neonates to the pupal stage fed different concentrations of 
CLA or safflower oil in the meridic diet. 
 
Figure 2. Survival of O. nubilalis neonates to the adult stage fed different concentrations of 
CLA or safflower oil in the meridic diet as a larva. 
 
Figure 3. Fatty acid composition of O. nubilalis pupae fed different concentrations of CLA in 
the meridic diet as a larva. 
 
Figure 4. Desaturation index of O. nubilalis pupae fed different concentrations of CLA or 
safflower oil in the meridic diet as a larva. 
 
Figure 5. Linoleic acid concentration of O. nubilalis pupae fed different concentrations of 
CLA in the meridic diet as a larva. 
 
Figure 6. Linolenic acid concentration of O. nubilalis pupae fed different concentrations of 
CLA in the meridic diet as a larva. 
 
Figure 7. Fatty acid composition of O. nubilalis adults fed different concentrations of CLA in 
the meridic diet as a larva.  
 
Figure 8. Desaturation index of O. nubilalis adults fed different concentrations of CLA in the 
meridic diet as a larva.  
 
Figure 9. Linoleic acid concentration of O. nubilalis adults fed different concentrations of 
CLA in the meridic diet as a larva. 
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Figure 10. Linolenic acid concentration of O. nubilalis adults fed different concentrations of 
CLA in the meridic diet as a larva. 
 
Figure 11. Fatty acid composition of O. nubilalis eggs produced by adults fed different 
concentrations of CLA in the meridic diet as a larva. 
 
Figure 12. Desaturation index of O. nubilalis eggs produced by adults fed different 
concentrations of CLA in the meridic diet as a larva. 
 
Figure 13. Percentage of pairs that oviposited eggs as a function of treatment concentration in 
the diet.  
 
Figure 14. Percentage of fertile eggs as a function of treatment concentration in the diet.  
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Fig. 4 
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CHAPTER 3. General Conclusions 
Resistance to traditional insecticides and concerns of mammalian safety have 
contributed to the increased research of natural products with novel modes of action as 
insecticides. Insecticides which alter lipid metabolism are very rare, therefore, a natural 
product which impacts lipid metabolism and is relatively safe to mammals makes a desirable 
target for insecticide research. One such natural product is conjugated linoleic acid (CLA).  
Dietary CLA alters fatty acid profiles of hen egg yolk lipids by inhibiting A9-
desaturase (Karantzeni 2000). The saturated fatty acids (SFA), such as palmitic and stearic 
acid, increased while the monounsaturated fatty acids (MUFA), such as palmitoleic and oleic 
acid, and the polyunsaturated fatty acids (PUFA), such as linoleic and linolenic acid, 
decreased. Some studies have shown negative effects of dietary CLA on egg production in 
terms of the rate of production and the viability of the embryos (Ahn et al., 1999 and Aydin 
et al., 2001).  
In mammals, however, dietary CLA has many benefits. For example, 
anticarcinogenic, antiatherogenic, and immune enhancing effects have been demonstrated in 
several animal models (Ha et al., 1987; Lee et al., 1994; Whigham et al., 2002). Additionally, 
dietary CLA increases lean body mass while decreasing body fat (Thiel-Cooper et al., 2001 
and Park et al., 1997).  
In my study, European corn borer (Ostrinia nubilalis) larvae were fed meridic diets 
containing 0.60, 0.40, 0.20, 0.10, 0.05, or 0.00% CLA or safflower oil. Safflower oil also was 
studied to provide a high lipid diet comparison to the CLA diet. Decreased survival was 
found with increasing concentration of dietary CLA or safflower oil, however, the decrease 
was significantly greater with the CLA diets as compared with the safflower oil diets. The 
time required for development to each life stage was increased with increased concentration 
of CLA in the diet. The mass of the pupae was not affected by either the CLA or the 
safflower oil diets.  
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The fatty acid profiles of the pupae were significantly altered by the CLA diets but 
not the safflower oil diets. Total SFA increased, while total MUFA and PUFA decreased. 
The A9-desaturase index decreased with increasing dietary CLA, indicating the inhibition 
A9-desaturase, the enzyme which catalyzes the insertion of a double bond between carbon 
atoms nine and 10 in a fatty acid. CLA isomers were incorporated into the tissue lipids in a 
concentration-dependent manner. The safflower oil-enriched diet did not affect total SFA, 
total MUFA, or the A9-desaturase index. CLA isomers were not detected in pupae fed the 
safflower oil-enriched diet.  
The fatty acid profiles of the adults fed the 0.20, 0.10, 0.05, or 0.00% CLA or 
safflower oil diets as larvae were analyzed. Adults fed the CLA-enriched diets as larvae were 
significantly altered.  Total SFA were increased whereas total MUFA and PUFA were 
decreased. The A9-desaturase index decreased with increased concentration of CLA in the 
diet. CLA isomers also were detected in the adult tissues. In adults fed the 0.20% CLA diet, 
no linolenic acid was detected. This may have severe implications in the normal biochemical 
processes of the organism and may be a contributing factor to the decreased survival 
observed at this dietary CLA concentration and higher concentrations.  
The reproduction of the European corn borer was not affected by dietary CLA or 
safflower oil. The percentage of pairs to produce eggs and the percentage of fertile eggs did 
not differ across treatment combinations. The fatty acid profiles of the eggs produced by 
adults fed the 0.20, 0.10, or 0.05% CLA diet as larvae were significantly different as 
compared with that of the eggs produced by adults fed the control diet as larvae. CLA 
isomers were incorporated into the lipids of the eggs produced by adults fed the CLA diets as 
larvae. These fatty acid profile alterations of the eggs may impact the survival, development, 
and reproduction of the new generation.  
My results indicate that CLA may have potential as an insect control agent by 
interfering with lipid metabolism. Further research is necessary to fully understand the action 
of CLA on insects. A multi-generational study would be interesting to determine if fatty acid 
profile alterations have an effect on the survival and reproduction of subsequent generations. 
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Biochemical analysis of the activity and abundance of A9-desaturase will be necessary to 
fully understand the fatty acid profile alterations I observed. The effects of CLA on other 
lepidopteran pests, such as cut worms, armyworms, loopers, bollworms, and diamondback 
moths, should be evaluated. Additionally, research is necessary to determine how this 
product may be used in a field setting.  
To my knowledge, this is the first study to evaluate the effects of CLA on insect lipid 
metabolism. This research may open the door to further research on insecticides that act by 
similar modes of action.  
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